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EXPERIMENTS ON AN ULTRA-STABLE 

GAS JOURNAL BEARING 

ABSTRACT 

Shallow grooving i n  a her r ingbone  p a t t e r n  has  been proposed t o  enhance t h e  

s t a b i l i t y  of bo th  gas  and l i q u i d  l u b r i c a t e d  j o u r n a l  b e a r i n g s .  It h a s  been 

shown t h e o r e t i c a l l y  t h a t  t h i s  p o s s i b i l i t y  is  p a r t i c u l a r l y  advantageous f o r  

unloaded j o u r n a l  b e a r i n g s .  

This  paper  d e s c r i b e s  c o r r o b o r a t i n g  experiments.  The experiments  inc luded  t h e  

running of an unloaded b e a r i n g  up t o  speeds of 60,000 rpm and t h e  c o l l e c t i o n  

of s t e a d y  s ta te  load-displacement a t t i t u d e  a n g l e  d a t a  a t  i n t e r m e d i a t e  speeds 

up t o  and i n c l u d i n g  60,000 rpm. No s i g n  of b e a r i n g  w h i r l  i n s t a b i l i t y  w a s  de- 

t e c t e d .  There w a s  good c o r r e l a t i o n  between t h e o r e t i c a l  and exper imenta l  d a t a .  

Design d a t a  i s  inc luded  as a guide f o r  f u t u r e  des igns .  



- iv- 

TABLE OF CONTENTS 

ABSTRACT 

INTRODUCTION 

EXPERIMENTAL APPARATUS AND INSTRUMENTATION 

EXPERIMENTS 

THEORETICAL RESULTS 

EXPERIMENTAL-THEORETICAL DATA COMPARISON 

DISCUSSION AND CONCLUSIONS 

RECOMMENDATIONS 

ACKNOWLEDGEMENT 

REFERENCES 

NOMENCLATURE 

APPENDIX 

LIST OF FIGURES 

page 

iii 

1 

3 

5 

5 

7 

8 

9 

9 

10 

1 2  

14 

16 



-1- 

INTRODUCTION 

In recent years during the development of gas bearing theory two phenomena 

became apparent: the plain, lightly-loaded journal bearing is unstable (Ref. 1) 

and the load capacity of a plain journal bearing approaches an asymptotic value 

with increasing speed (Refn 2 ) -  Many theoretical and experimental investigators 

have verified the existence of these problems and have suggested a variety of so- 

lutions. In some instances these solutions proved very successful. For example, 

the application of an external load to a lightly-loaded bearing tends to raise 

the whirl threshold (Ref. 3 ) -  Also, machining axial grooves into a bearing raises 

the whirl threshold slightly at the expense of a decrease in the overall load 

capacity of the bearing (Ref. 4 , 5 ) ,  Probably the most successful solution to the 

problem to date is the utilization of the tilting pad bearing (Ref. 6 )  which, 

when properly designed, possesses both anti-whirl properties and high stiffness 

characteristics.However, the bearing power loss can increase two-fold over the 

plain bearing, and the mechanical design of the tilting-pad bearing system is more 

difficult and costly” 

- Kecentiy the herrliigtoi~e-g~oov~2 ( ~ 0 i ~ p l e t e 1 y  grnnved) j n u m a l  hearing has been 

studied both theoretically and experimentally (Ref. 7,8 and 9), Ref., 7 shows the 

completely-grooved bearing has a higher load capacity than the plain bearing at 

moderate and high values of A ,  Ref, 8 shows that the bearing has high stability 

characteristics. Ref. 9 gives a theoretical treatment of the completely-grooved 

bearing for the incompressible case and a presentation of some experimental results 

for bearing numbers as high as 4.8”  Good correlation of theory and experiment 

was found. 

This paper presents the results of experiments on the partially-grooved journal 
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b e a r i n g  and compares these  experimental  r e s u l t s  w i t h  t h e  t h e o r e t i c a l  r e s u l t s  

ob ta ined  from the  a n a l y s i s  publ ished i n  Ref.  7 ,  8 .  The pa r t i a l ly -g rooved  bea r -  

i n g  was s e l e c t e d  f o r  s t u d y  because i t  i s  t h e  optimum des ign  f o r  o b t a i n i n g  maximum 

r a d i a l  s t i f f n e s s .  The a n a l y s i s  given i n  Ref.  8 i n d i c a t e s  t h a t  t h e  grooved b e a r i n g  

w i l l  be s t a b l e  up t o  a c e r t a i n  speed f o r  a g iven  bea r ing  geometry and r o t o r  mass. 

I n  Ref.  7 i t  i s  shown t h a t  t h e  load c a p a c i t y  o f  t h i s  bea r ing  i s  n o t  l i m i t e d  a s  i s  

t h a t  o f  a p l a i n  j o u r n a l  bear ing .  These f a c t s  have been v e r i f i e d  by t h e  e x p e r i -  

ments r epor t ed  h e r e i n ,  i . e . ,  no s ign  o f  bea r ing  i n s t a b i l i t y  was d e t e c t e d  when an  

unloaded bea r ing  was run up t o  a speed of  60,000 rpm. The measured load-displacement  

a t t i t u d e  ang le  c h a r a c t e r i s t i c s  were found t o  be i n  good agreement w i t h  theory  

The sp i r a l -g rooved  j o u r n a l  b e a r i n g  seems t o  possess  t h e  c h a r a c t e r i s t i c s  t h a t  make 

i t  a top  cand ida te  f o r  a l l  bea r ing  system des igns .  For  t h i s  r eason  des ign  da t a  

i s  inc luded  i n  t h i s  paper  f o r  f u t u r e  des ign  r e f e r e n c e s .  

. 
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EXPERIMENTAL APPARATUS AND INSTRUMENTATION 

The b a s i c  elements of t h e  t e s t  appara tus  a r e  shown i n  F i g s .  1 through 3 .  Figure  1 

d e p i c t s  a 1 . 5  i n .  d iameter  j o u r n a l ,  8 .75  i n .  long  wi th  16 t u r b i n e  b lades  on one 

end. The s h a f t  a l s o  has two a r e a s  1 . 5  i n .  long  wi th  s p i r a l  grooving. These two 

p a r t i a l l y - g r o o v e d  a r e a s  running  w i t h  smooth s l e e v e s  comprise t h e  t e s t  b e a r i n g s .  

The b e a r i n g  span i s  5 . 5  i n .  The s h a f t  may be l i f t e d  f o r  s t a r t - u p  and shut-down 

by a h y d r o s t a t i c  l i f t e r - l o a d e r  bea r ing ,  F i g .  2 ,  l o c a t e d  between the  two t e s t  

b e a r i n g s .  This  deep-pocketed p a r t i a l - a r c  h y d r o s t a t i c  b e a r i n g  i s  a l s o  used t o  

load  t h e  r o t a t i n g  s h a f t  upward. A nozz le  r i n g  i n  con junc t ion  wi th  t h e  16 b lades  

on t h e  s h a f t  comprise an impulse-type d r i v e  t u r b i n e .  F igure  3 provides an  o v e r a l l  

view of  t h e  t e s t  appa ra tus  inc lud ing  t h e  housing, housing r e s t  and end p l a t e s .  

Each end p l a t e  has a carbon b u t t o n ,  w i th  one b u t t o n  be ing  a d j u s t a b l e .  These 

b u t t o n s  provide  a means f o r  c e n t e r i n g  t h e  s h a f t  a x i a l l y  and f o r  c a r r y i n g  a s l i g h t  

t h r u s t  load  when necessa ry .  

The s h a f t  was d r i v e n  t o  speeds of  60,000 r p m  3y t h e  t u r b i n e  d r i v e .  Thespeed was 

measured by a r e f l e c t i v e  method, i . e . ,  a n  o p t i c a l  probe p i cks  up  t h e  f l u c t u a t i o n s  

o f  a n  a l t e r n a t e l y  pa in t ed  s u r f a c e  and t h e  s i g n a l  i s  i n d i c a t e d  on a frequency 

m e t e r ,  o r  coun te r .  

The s h a f t  displacement was measured by two h o r i z o n t a l  and two v e r t i c a l  capac i t ance  

p robes .  Each t e s t  bea r ing  has a s e t  of two probes l o c a t e d  inboard from t h e  bea r -  

i n g  i t s e l f ,  and mounted i n  t h e  housing. The capac i t ance  probes p re sen t  a ve ry  

c l e a r  p i c t u r e  on t h e  o s c i l l o s c o p e  and thus  t h e  t o t a l  r ead ing  e r r o r  i s  e s t ima ted  

a t  10 microinch. 
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The l i f t e r - l o a d e r  b e a r i n g  was c a l i b r a t e d  by measuring t h e  pocket p r e s s u r e  r e q u i r e d  

t o  l i f t  a c e r t a i n  dead-weight load whi le  t h e  s h a f t  was non- ro ta t ing .  Thus, t h e  

r o t a t i n g  s h a f t  could be loaded by the h y d r o s t a t i c  b e a r i n g  wi th  a known l o a d ,  

t h e  load -p res su re  c a l i b r a t i o n  curve i s  a n  average curve obta ined  from a s e r i e s  

of  p re l imina ry  c a l i b r a t i o n  t e s t s ,  the load  i s  e s t ima ted  t o  be a c c u r a t e  w i t h i n  

4 percen t .  This c a l i b r a t i o n  curve i s  shown i n  F i g .  4 .  

Since  

The e n t i r e  t es t  a p p a r a t u s ,  i nc lud ing  s h a f t  and s l e e v e s  a r e  made from AIS1 TY416 

s t a i n l e s s  s t e e l .  The s l e e v e s  have a 200p-in. e l e c t r o f i l m  c o a t i n g  on t h e  b e a r i n g  

s u r f a c e .  The test bea r ings  a r e  designed f o r  maximum r a d i a l  s t i f f n e s s  a t  a b e a r i n g  

number, A = 2 0 .  The optimum propor t ions  f o r  t h i s  b e a r i n g  wi th  an  L I D  = 1 and w i t h  

grooves on t h e  r o t a t i n g  s h a f t  a r e :  

a / a  = 0 . 5 4  
g r  

hg’hr 2 . 3 3  

0 6 = 25 

and Y = 0 . 4 6 .  
- 

I n  o r d e r  t o  provide  t h e  most t h e o r e t i c a l l y  p e r f e c t  b e a r i n g ,  an i n f i n i t e  number of  

grscves  i s  required. Bec i i~se  o f  the d i f f i c u l t y  and c o s t  of manufacturing s p i r a l  

g rooves ,  a compromise was made us ing  t h i r t y - s i x  grooves.  These grooves a r e  of 

w id th  .021 i n .  and a x i a l  l e n g t h  0.396 i n .  The groove depth  is  between 500 t o  

6 0 0  p - i n .  A t  z e ro  s p e e d  t h e  r a d i a l  c l e a r a n c e  i s  495 p- in .  A t  60,000 rpm t h e  

r a d i a l  c l e a r a n c e  has been c a l c u l a t e d  t o  be 435 p- in .  due t o  c e n t r i f u g a l  growth. The 

s l e e v e s  were ground i n  l i n e  and have been measured t o  be less than 50 p - i n . o u t  of l i n e  

on t h e  I . D .  The s h a f t  has a 30 p- in .  T . I . R .  and an  a x i a l  t a p e r  of 90 p - in .  between 
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bea r ings .  On t h e  o t h e r  hand, t h e  s l eeves  are t ape red  90p-in. i n  t h e  o p p o s i t e  

d i r e c t i o n  of t h e  s h a f t  t a p e r .  The s h a f t  w a s  p r e c i s i o n  balanced t o  a l low un- 

ba lance  loading  on t h e  bea r ings  of only f r a c t i o n s  of a pound a t  60,000 rpm. 

EXPERIMENTS 

Two p a r t i c u l a r  experiments  were performed: 

a )  load-displacement tests 

and b )  unloading of bea r ing  t o  observe  onse t  of s t a b i l i t y .  

The f i r s t  series of tests provided s teady  s ta te  d a t a  a t  i n t e r m e d i a t e  speeds up 

t o  60,000 rpm. The second tests i n  which t h e  bea r ings  were completely unloaded 

t o  purpose ly  t r y  t o  cause a w h i r l  i n s t a b i l i t y  showed p o s i t i v e  r e s u l t s  f o r  t h e  

b e a r i n g s ,  i.e. t h e  bea r ings  showed no s i g n  of becoming u n s t a b l e .  T h e o r e t i c a l l y  

t h i s  b e a r i n g  rotor system should b e  s t a b l e  w e l l  above 60,000 rpm. A t  t h i s  speed,  

g'nich corresponds to A <I, 20,  t h e  a c t u a l  mass parameter  i s  0 .2  (The c r i t i c a l  

mass parameter  i s  0.68 a t  60,000 rpm). 

THEORETICAL RESULTS 

Fig.  5 shows t y p i c a l  comparisons of  the t o t a l - l o a d  c a p a c i t y  and t h e  r a d i a l  s t i f f n e s s  

v e r s u s  b e a r i n g  number between a l igh t ly- loaded  grooved j o u r n a l  (grooved member 

r o t a t i n g ,  optimum propor t ions  f o r  A = 20)  and a l i gh t ly - loaded  p l a i n  j o u r n a l  

bea r ing .  The p l a i n  j o u r n a l  bea r ing  has a t o t a l  l oad  c a p a c i t y  h ighe r  t han  t h e  

grooved bea r ing  f o r  

c a p a c i t y .  For h ighe r  va lues  of A t h e  grooved bea r ing  has  a t o t a l  load  c a p a c i t y  

h i g h e r  t h a n  t h e  p l a i n  j o u r n a l  bear ing .  The b e a r i n g s  are equa l  i n  r a d i a l  s t i f f n e s s  

a t  A approximate ly  equa l  t o  "1.5" and "6". A t  va lues  of A less than  "1.5" t h e  

grooved b e a r i n g  has  a h i g h e r  r a d i a l  s t i f f n e s s  because i t s  a t t i t u d e  ang le  is  lower 

than  t h a t  of t h e  p l a i n  bea r ing .  The grooved bea r ing  has  an a t t i t u d e  ang le  

A up t o  e i g h t .  A t  A = 8 both  bea r ings  are equa l  i n  t o t a l  load  
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of 70 deg. a t  11 --f 0 while  t h e  p l a i n  bear ing  h a s  a n  a t t i t u d e  a n g l e  of 

90 deg. a t  A + 0.  A t  v a l u e s  of A g r e a t e r  than  "6" t h e  grooved b e a r i n g  h a s  

a h i g h e r  r a d i a l  s t i f f n e s s  than  t h e  p l a i n  b e a r i n g ,  which is a l r e a d y  s t a r t i n g  

t o  level  o f f  t o  i t s  asymptot ic  v a l u e  of ~ / 2 .  

Fig.  6 shows a s t a b i l i t y  map f o r  t h e  p a r t i c u l a r  grooved b e a r i n g  t e s t e d .  A cor re-  

sponding p l o t  f o r  an unloaded p l a i n  b e a r i n g  does n o t  e x i s t ,  i . e . ,  t h e  p l a i n  

b e a r i n g  is  u n s t a b l e  a t  a l l  speeds.  Notice t h a t  t h e r e  are e s s e n t i a l l y  two 

branches t o  t h i s  p l o t .  The f i r s t  branch, corresponds t o  t h e  f rac t iona l - f requency  

w h i r l  phenomenon, t h e  second branch t o  pneumatic hammer. Along t h e  f i r s t  branch,  

t h e  ' ' c r i t i ca l  mass parameter" decreases  as A i n c r e a s e s  t o  a v a l u e  of approxi- 

mately 22, goes through a minimum p o i n t ,  and then  i n c r e a s e s  u n t i l  A 2. 30. A t  

A 

t h e  " c r i t i ca l  mass parameterl 'decreases r a p i d l y  and monotonical ly  u n t i l  A 'L 42. 

Beyond A % 42 t h e  "pneumatic hammer'' i n s t a b i l i t y  becomes predominant,  ( I n s t a b i l i t y  

o c c u r s  a t  a lower v a l u e  of t h e  c r i t i c a l  mass.) This  s t a b i l i t y  map i s  t y p i c a l  

of grooved j o u r n a l  b e a r i n g s ,  The cri teria used i n  p r e p a r a t i o n  of  t h i s  d a t a  i s  based 

on t h e  works of  Ref. 8 and is  summarized i n  t h e  Appendix o f  t h i s  paper .  

30 t h e  b e a r i n g  is  e s s e n t i a l l y  i n f i n i t e l y  s t a b l e .  For A > 30,on t h i s  branch 

Fig.  7 r e p r e s e n t s  a d e s i g n  c h a r t  of t h e o r e t i c a l  d a t a  f o r  t h e  des ign  of  t h e  s p i r a l -  

grooved j o u r n a l  b e a r i n g .  This  is included f o r  f u t u r e  b e a r i n g  des ign ,  It should b e  

emphasized t h a t  t h e  grooving propor t ions  i n d i c a t e d  on t h i s  c h a r t  are t h o s e  pro- 

p o r t i o n s  which g i v e  m a x i m u m  rad ia l  s t i f f n e s s  a t  A = 20, f o r  a b e a r i n g  w i t h  a n  

L/D = 1 and t h e  grooved member r o t a t i n g .  I f  one i s  des igning  a t  o t h e r  v a l u e s  of 

A and wishes t o  have t h e  maximum r a d i a l  s t i f f n e s s  p o s s i b l e  a t  t h a t  p a r t i c u l a r  

A v a l u e  ( o t h e r  t h a n  20);  then  t h e  grooving parameters  would have t o  be  changed 

a c c o r d i n g l y .  However, one should not expec t  more than  approximately 20% improvement 

by v a r y i n g  t h e  parameters .  It is more  important  t h a t  t h e  %umber of grooves" be 

as l a r g e  as p o s s i b l e  i n  o r d e r  t o  have t h e  b e a r i n g  behave as i n d i c a t e d  by t h i s  

d e s i g n  c h a r t .  Say, A/2N i 1. 
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I f  t h e  des ign  i s  t o  have t h e  smooth member r o t a t i n g ,  t h e  s t e a d y  s t a t e  d a t a  

of Fig.  7 can b e  used d i r e c t l y  w i t h  l i t t l e  e r r o r .  However, a s t a b i l i t y  map f o r  

t h i s  b e a r i n g  h a s  been prepared and i s  presented  as Fig.  8. The method used f o r  

p r e p a r i n g  t h i s  map is  g iven  i n  t h e  Appendix. 

EXPERIMENTAL-THEORETICAL DATA COMPARISON 

Fig.  9 shows a n  exper imenta l - theore t ica l  d a t a  comparison of t o t a l  r a d i a l  s t i f f n e s s  

f o r  t h e  two grooved b e a r i n g s  t e s t e d  a t  v a r i o u s  speeds t o  60,000 rpm. Fig.  10  shows 

a comparison of t h e  load  a t  v a r i o u s  speeds ,  and Fig.  11 g i v e s  a n  a t t i t u d e  a n g l e  

comparison of t h e o r e t i c a l  and experimental  d a t a .  A s  t h e s e  curves  are self-explana-  

t o r y ,  no d i s c u s s i o n  is  necessary.  However ,  one p o i n t  should b e  mentioned; t h e  

c o r r e l a t i o n  is  extremely s e n s i t i v e  t o  a n  a c c u r a t e  knowledge of t h e  r a d i a l  clearance. 

It i s  t h e  most s e n s i t i v e  parameter  and causes  t h e  g r e a t e s t  changes. 

Fig.  1 2  g i v e s  a comparison of t h e  s h a f t  o r b i t  s i z e  wi th  speed. Fig.  13 shows a 

similar coiiiparison at t h e  size speeds b u t  wi th  a more p r e c i s e l y  balanced s h a f t .  

N o t i c e  t h e  importance of  s h a f t  balancing f o r  high-speed running. Fig.  14 shows 

a comparison of t h e  o r b i t  s i z e  a t  both ends of t h e  s h a f t  a t  speeds of 50,000 and 

60,000 rpm. And f i n a l l y ,  Fig.  15 can b e  s t u d i e d  i n  conjunct ion  w i t h  Fig.  14 t o  

show t h e  ef iect  of e x t r a - f i n e  S a l a x i z l g .  The main p o i n t  t h a t  t h e s e  o r b i t  p i c t u r e s  

b r i n g  o u t  is  t h a t  t h e  s h a f t  h a s  n o t  gone through any r i g i d  body c r i t i c a l  speed on 

i t s  way up t o  60,000 rpm. I n  o t h e r  words, by reba lanc ing  t h e  s h a f t ,  t h e  o r b i t  

s i z e s  have been reduced, and t h e r e  is no apparent  e n l a r g i n g  and decaying of o r b i t  

s i z e  w i t h  i n c r e a s i n g  speed. On t h e s e  photographs t h e  t o t a l  d i a m e t r a l  c l e a r a n c e  

( r a d i a l  p l ay )  of t h e  b e a r i n g  is represented  by approximately 8 .5  cm.  
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DISCUSSION AND CONCLUSIONS 

T h e o r e t i c a l l y  t h e  sp i ra l -grooved  j o u r n a l  bea r ing  appears  t o  have e x c e l l e n t  s teady-  

s ta te  and s t a b i l i t y  c h a r a c t e r i s t i c s .  These c h a r a c t e r i s t i c s  have been observed and 

v e r i f i e d  by experiment .  E s s e n t i a l l y  t h e  c h a r a c t e r i s t i c s  could be  summarized as 

fo l lows:  t h e  sp i ra l -grooved  j o u r n a l  bea r ing  has  a load  c a p a c i t y  g r e a t e r  t han  t h e  

p l a i n  j o u r n a l  a t  A > 8, power l o s s  less than  t h e  p l a i n  j o u r n a l ,  and s t a b i l i t y  equi-  

v a l e n t  t o  t h e  t i l t i n g  -pad bear ing .  This bea r ing  has  two drawbacks. However, t h e s e  

w i l l  be  overcome wi th  t i m e .  They are the  i n i t i a l  c o s t  t o  set up a groove p a t t e r n ,  

and t h e  n e c e s s i t y  t o  des ign  a bear ing-shaf t  alignment device .  

A 1.5 i n .  d iameter  s h a f t  has  been dr iven  by an a i r  impulse-type t u r b i n e  t o  60,000 

rpm. The s h a f t  was mounted on two spiral-grooved,  gas  j o u r n a l  b e a r i n g s ,  w i th  an L/D=1 

and a r a d i a l  c l ea rance  a t  ze ro  speed of 4 9 5 ~ - i n c h .  The ambient gas  w a s  a i r  a t  S.T.P. 

The bea r ings  were loaded t o  a maximum of 1 2  l b s  each a t  40,000 rpm and 40 l b s  each 

a t  60,000 rpm. The e c c e n t r i c i t y  r a t i o s  a t  t h e s e  cond i t ions  are r e s p e c t i v e l y  0.28 

and 0.63. Ne i the r  t h e  loaded nor  t h e  unloaded bea r ing  showed any s i g n s  of i n s t a b i l i t y .  

A good c o r r e l a t i o n  of t h e o r e t i c a l  and experimental  d a t a  w a s  found. 

-1-2 - - - -L- .  -~~ 
iius p a r ~ ~ ~ d a r  t es t  bear ing-rorsr system w a s  designed from t h e  t h e o r e t i c a l  des ign  

c h a r t s  inc luded  i n  t h i s  r e p o r t .  It w a s  designed t o  b e  a s t a b l e  bea r ing  system wi th  

a l l  r i g i d  body c r i t i c a l s  above t h e  t o p  speed. The p r i n c i p a l  goa l s  of t h e s e  experiments  

were t o  c o l l e c t  s t e a d y - s t a t e  d a t a  f o r  comparison w i t h  theo ry  and t o  prove by obser-  

v a t i o n  t h a t  t h e  bea r ing - ro to r  system was s t a b l e  f o r  a l l  speeds  t o  60,000 rpm. These 

g o a l s  were reached. 



RECOI4MENDATIONS 

1. Extend t h e o r e t i c a l  s t e a d y - s t a t e  da t a ,  and s t a b i l i t y  c r i t e r i a  i f  necessary ,  t o  

l a r g e  e c c e n t r i c i t y  r a t i o s .  

Design a sp i ra l -grooved  bear ing- ro tor  system such t h a t  i t  would become 

u n s t a b l e  a t  a reasonable  speed i n  o r d e r  t o  permi t  exper imenta l  v e r i f i c a t i o n  

of t h e  cond i t ion  of margina l  s t a b i l i t y .  

C o l l e c t  l a r g e  e c c e n t r i c i t y  experimental  d a t a  and compare i t  w i t h  t h e  theory  

developed i n  "1" above. 

Determine t h e o r e t i c a l l y  and exper imenta l ly  t h e  c r i t i c a l  speed behavior  of t h i s  

bea r ing .  

Place t h e  sp i ra l -grooved  bea r ing - ro to r  system on a shake t a b l e  and observe t h e  

e f f e c t s  of dynamic loading  a t  var ious  f r equenc ie s  and "g" l e v e l s .  

2 .  

3 .  

4 .  

5. 
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NOMENCLATURE 

Symb o 1 

a 

a 

C 

D 

e 

fr 

g 

r 

g 

h 

hr 

Kr 

Kt 

g 

L 

in 

M 

N 

0 

C 

*a 
R 

T 

W. 

wT - 
Y 

Meaning 

Groove width, in. 

Ridge width, in. 

Radial clearance, in. 

Shaft diameter, in. 

Radial displacement, in. 

Frequency ratio of shaft whirl speed to shaft rotating speed, corre- 

sponding to the fractural frequency whirl phenomenon. 

2 Gravitational constant, in./sec . 
Groove clearance, in. 

Ridge clearance, in. 

Radial stiffness, lb/in. 

Tangential stiffness, lb/in. 

TI - - -  ~edr’ing length, in. 

2 Critical mass of rotor per bearing. 1b.sec /in. 

Critical weight of shaft per bearing, lb. 

Number of grooves per bearing. 

Ambient pressure, p s i s .  

Shaft radius, in. 

Friction torque, in.lb. 

Bearing load, lb. 

Total bearing load for two bearings, lb. 

Ratio of groove portion of bearing to L. 



a' 

B 

r 
E = e/c 

1.1 

w 

Whirl  r a t i o .  

S p i r a l  a n g l e ,  deg. 

Groove clearance t o  r i d g e  c l e a r a n c e  r a t i o .  

E c c e n t r i c i t y  r a t i o .  

Bearing number. 

Absolute v i s c o s i t y ,  l b  . s e c f i n 2 .  

A t t i t u d e  a n g l e ,  deg. 

C i r c u l a r  frequency of s h a f t ,  r a d f s e c .  
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APPENDIX 

STABILITY CRITERIA FOR LIGHTLY-LOADED JOURNAL BEARINGS POSSESSING ROTATIONAL 

SYMMETRY * 
The c r i t e r i o n  r e q u i r e s  an examinat ion of t h e  j o u r n a l  bea r ing  s teady-whir l  cha rac t e r -  

i s t ics .  Accordingly,  a c r i t i ca l  mass of t h e  r o t o r  f o r  t h e  onse t  of  i n s t a b i l i t y  may 

be  determined a t  t h e  p o i n t s  of  n e u t r a l  s t a b i l i t y .  Neu t ra l  s t a b i l i t y  p o i n t s  are such 

w h i r l  f requency p o i n t s  (ao') where the  a t t i t u d e  ang le  ( 8 )  o r  t a n g e n t i a l  f o r c e  

van i shes  and t h e  c e n t r i f u g a l  fo rce  due t o  w h i r l  i s  e x a c t l y  i n  equ i l ib r ium 1- 
w i t h  t h e  r a d i a l  f o r c e  component - 
r o t o r  mass from i ts  c r i t i c a l  magnitude (m ) a t  t h e  n e u t r a l  s t a b i l i t y  p o i n t ,  would 

make t h e  bear ing- ro tor  system uns tab le  i f  t h e  d e r i v a t i v e  of - wi th  r e s p e c t  t o  

a' i s  negat ive ,  and converse ly .  A t y p i c a l  p l o t  of a sp i ra l -grooved  j o u r n a l  bea r ing  

Furthermore,  an i n f i n i t e s i m a l  i n c r e a s e  of  t h e  

0 
C K t  
PaLD 

s t e a d y  w h i r l  c h a r a c t e r i s t i c s  is shown i n  Fig.  16.  

The c r i t i c a l  mass of t h e  r o t o r  i s  determined from t h e  equat ion  

m =  1 . . . . . . . . . . . . . . . .  (A.l) 
0 

0 

a- 
L I I ~  c r i t i c a l  iiiass parzmte r  used i n  c o n s t r u c t i n g  F igs .  6 ,  7 and 8 is  def ined  as: 

CK 
r - 1 

(A.2) Mc/g C 5 RPa 36 . . . . . . . . . . . .  
LD 1;) iTi = 7 (a',)' paLD 

According t o  Ref.  7 ,  a l s o  as shown i n  F i g .  16,  t h e  s t e a d y  w h i r l  d a t a  f o r  a s p i r a l -  

grooved j o u r n a l  b e a r i n g  w i t h  smooth member r o t a t i n g  can  be  prepared  from t h e  d a t a  

o b t a i n e d  f o r  a b e a r i n g  i n  which t h e  grooved member is  r o t a t i n g ,  and vice-versa .  Given 

t h e  d a t a  f o r  one type  bea r ing ,  t h e  da t a  f o r  t h e  o t h e r  t ype  bea r ing  i s  ob ta ined  as 

fo l lows :  t h e  radial ,  s t i f f n e s s  is t h e  e x a c t - m i r r o r  image wi th  t h e  p i v o t  p o i n t  be ing  
................................................................................... * 

This  appendix is  a p r e c i s  of  t h e  s t a b i l i t y  theorem p r e v i o u s l y  g iven  i n  Ref. 8. 



I 

1 -  a' = 0 . 5 ,  and the t a n g e n t i a l  s t i f f n e s s  is t h e  n e g a t i v e  m i r r o r  image w i t h  t h e  p i v o t  

p o i n t  be ing  a' = 0 . 5 ,  i .e. t h e  m i r r o r  image, p l u s  an  i n v e r s i o n  about a' = 0.5. 

Examples (us ing  Fig.  16)  

S t a b i l i t y  

With 
a' - CKr Slope Obtained 

2 0 
PaLD 

Grooved 
Member 
Rot a t  i n g  

Smooth 
Member 
Ro ta t ing  

0.445 1.505 0.684 neg . M < M, 

0.555 1.505 0.440 neg . M < M, 



-16- 

LIST  OF FIGURES 

T i t l e  

S h a f t - I l l u s  t r a t i n g  S p i r a l  Grooving and Turbine Blades 

Sketch  of Tes t  Bearings and Hydros t a t i c  Jacking-Loading Bearing 

Di sp lay  of Housing, Housing Mounts, and End P l a t e s  

C a l i b r a t i o n  Curve and Upward Loading Curve f o r  Loading Bearing 

T o t a l  Load and Radia l  S t i f f n e s s  Versus Bearing Number 

C r i t i c a l  Mass Parameter Versus Bearing Number of Spiral-Grooved 

J o u r n a l  Bearing - Grooved Member R o t a t i n g  

Grooved Bearing Design Char t  

C r i t i c a l  Mass Parameter Versus Bearing Number of  S p i r a l -  

Grooved J o u r n a l  Bearing - Smooth Member Ro ta t ing  

Comparison of  Theory and Experiment 

T o t a l  Radia l  S t i f f n e s s  Versus Speed 

( T o t a l  Load) / ( E c c e n t r i c i t y  Ratio) Versus Speed 

A t t i t u d e  Angle Versus Speed  

Comparison o f  O r b i t  S i z e s  

Coarse S h a f t  Balancing (5,000 to  40,000 rpm) 

F ine  S h a f t  Balancing (5,000 t o  40,000 rpm) 

F ine  S h a f t  Balancing (50,000 and 60,000 rpm) 

E x t r a  F ine  S h a f t  Balancing (50,000 and 60,000 rpm) 

Spiral-Grooved J o u r n a l  Bearing Steady Whirl  C h a r a c t e r i s t i c s  

F ig .  No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 



Fig .  1 S h a f t - I l l u s t r a t i n g  S p i r a l  Grooving and Turbine  Blades 
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Fig. 3 D i s p l a y  of Housing, Housing Mounts, and End P l a t e s  
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Fig .  7 Grooved Bearing Design Chart  
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5,000 RPM 

30,000 RPM 

Comparison of Orbit 

Fig. 1 2  Comparison of Orbi t  S izes  - 

20,000 RPM 

40,000 RPM 

Sizes : Coarse Balancing 

Coarse Shaf t  Balancing (5,000 t o  40,000 rpm) 



5000 RPM 20,000 RPM 

30,000 RPM 40,000 RPM 

Comparison of Orbit Sizes: Fine Balancing 

Fig.  13 Comparison of Orbit Sizes - Fine Shaf t  Balancing (5,000 to 40,000 rpm) 



THRUST END 
50,000 RPM 

TURBINE END 
50,000 RPM 

THRUST END 
60,000 RPM 

TURBINE END 
60,000 RPM 

Comparison of Orbit Sizes: Fine Balancing 

Fig. 14 Comparison of Orbit Sizes - Fine Shaft.Balancing (50,000 and 
~~ ~~ 

60,000 rpm) 
~~ 
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50,000 RPM 60,000 RPM 

Orbit Sizes : Extra Fine Balancing 

Fig. 15 Comparison of Orbit Sizes - Extra Fine Shaft Balancing (50,000 and 60,000 rpm) 
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